Abstract An electromagnetic flow probe was chronically implanted around the common carotid, superior mesenteric, or renal artery or the terminal aorta in deoxycorticostrerone acetate (DOCA) hypertensive rats (prepared with DOCA and saline after uninephrectomy) and uninephrectomized control rats. A catheter for pressure measurement was inserted into the terminal aorta through a femoral artery. At rest the carotid and hindquarter (measured at the terminal aorta) blood flows in DOCA hypertensive rats were similar to the respective, corresponding values in normal rats with intact bilateral kidneys. The group mean of superior mesenteric flow was about 70% and that of renal flow about 40% larger than in normal rats. Cardiac output was estimated to be greater in DOCA hypertensive rats than in normal rats. In uninephrectomized control rats, superior mesenteric flow was larger than in normal rats to such an extent that an increase in cardiac output was assumed as in DOCA hypertensive rats, but renal flow was normal (about twice the unilateral renal flow in normal rats). Estimation of regional sympathetic vasoconstrictor tone from the decrease in peripheral resistance with hexamethonium and vasopressin antagonist revealed a substantial tone also in the superior mesenteric and hindquarter areas, where the tone was estimated to be almost absent in normal rats and uninephrectomized rats. It is suggested that hypertension in DOCA hypertensive rats is sustained by an increase in cardiac output and an elevation of vasoconstrictor tone in resistance vessels. Since increase in cardiac output appears to be similarly present in uninephrectomized control rats, the elevation of sympathetic tone due to administration of DOCA and salt seems to be indispensable for DOCA hypertension.
Observations of hemodynamic state in a hypertensive animal, especially in its conscious state, are indispensable for understanding the cause and nature of its hypertension. Hemodynamic state is quantitatively expressed by observed values of pressures, flows, and volumes in various parts in the circulatory system. Of these socalled hemodynamic variables, the least is known about blood flows. For DOCA hypertensive rats, prepared by administering deoxycorticosterone and 1 % saline as drinking water after unilateral nephrectomy, only measurement of cardiac output by Fick's principle (YAMAMOTO et al., 1983) and flowmetry with radioactive microspheres (CHAROCOPOS et al., 1984) have been reported.
Recent improvement in electromagnetic flow meters enables one to measure peripheral blood flows in various arteries in conscious and almost unrestrained rats with chronically implanted probes. It has been demonstrated by this method that, in spontaneously hypertensive rats (SHR, OKAMOTO and AOKI, 1963) and one-clip, two-kidney renovascular hypertensive rats, elevation of peripheral vascular resistance is not uniform over the entire body. In SHR, elevation of resistance is especially marked in the hindquarters (IRIUCHIJIMA, 1983) . In one-clip, two-kidney rats, the area with marked resistance elevation is the splanchnic bed supplied by the superior mesenteric artery (TERANISHI and IRIUCHIJIMA, 1985) .
In the present study, the observation of peripheral flows with electromagnetic flow meter was extended to DOCA hypertensive rats. Distribution of cardiac output in this hypertension model in the conscious, resting state was observed and attempts were made to clarify the cause of the elevation of arterial pressure.
METHODS
Preparation of DOCA hypertensive rats. Male Wistar rats at about 10 weeks of age weighing 250-350 g were anesthetized with thiamylal sodium (50 mg kg-1, i.p.). The right kidney was removed after tying the renal artery and vein. Immediately after that and thereafter once a week, 30 mg • kg-1 of deoxycorticosterone acetate (DOCA) was injected subcutaneously. After the operation 1 % of sodium chloride was given in the drinking water.
As controls, unilaterally nephrectomized (UN) rats were prepared by removing the right kidney and were thereafter given tap water. The data in normal rats with intact bilateral kidneys obtained in a previous study (IRIUCHIJIMA and SAKATA, 1985) were also employed as controls in this study.
Implantation of an electromagnetic flow probe. Two to 3 weeks after uninephrectomy, for DOCA hypertensive rats when the arterial pressure indirectly measured at the tail had reached 160 mmHg, rats were anesthetized again with thiamylal. A Nihon Kohden FC type electromagnetic flow probe was implanted on the right common carotid, superior mesenteric, or left renal artery or terminal aoota. A probe with an internal diameter of 1 mm was used for the carotid and renal arteries, that of 1.5 mm for the superior mesenteric artery, and that of 2 mm for the terminal aorta. The lead wire from the head of the probe to the plug was passed under the skin and led to a cut in the skin made in the dorsal neck. The wire was sutured to the neck muscles near the plug. The cut was closed so that only the plug was exposed on the dorsal skin.
Arterial and venous cannulations. Except in rats with a flow probe on the terminal arota, a polyethylene tube for measuring arterial pressure was inserted into the right femoral artery so that the tip reached the iliac bifurcation. The other end of the tube led to the dorsal neck and exteriorized as with the lead wire of the flow probe. In all rats, another polyethylene tube was similarly inserted into the right external jugular vein for injection of drugs.
Measurements of flow and pressure. After implantation, the rat was kept separately in a polyethylene cage containing wood chips. Saline or water and pellets were given ad libitum. Flow and pressure measurements were started 3 days after implantation when the rat had resumed taking ample amounts of water and pellets. With the rat in its home cage, an external cable from the flowmeter circuit (Nihon Kohden, MFV-1100) was connected to the plug of the flow probe. A polyethylene tube from a pressure transducer was connected to the arterial cannula. Flow and pressure signals were smoothed with CR circuits to facilitate the reading of mean values and recorded with a pen writing oscillograph. Only the values of flow and pressure in rats apparently at rest were noted in the present study. In reading the values of flow and pressure on the recording paper, obvious irrelevant transient changes, which were often inevitable in conscious animals, were disregarded.
For the carotid, superior mesenteric, and renal arteries, peripheral resistance was calculated by dividing the mean arterial pressure by flow. For the terminal aorta supplying the hindquarters, since arterial pressure was not recorded simultaneously, an estimate of peripheral resistance was obtained by dividing the mean of arterial pressures (measured with flows in one of the other three arteries in the corresponding condition) by the mean flow in the terminal aorta.
Ganglion block and administration of vasopressin antagonist. For assessment of vasoconstrictor tone, while flow and pressure were being recorded continuously, hexamethonium bromide (C6, 2.5 vol% solution) was intravenously injected for ganglion blockade at a rate of 0.8 mg • min-1, with a total dose of 25 mg • kg-' . Since this dosage secondarily induces secretion of vasopressin in pressor amounts in DOCA hypertensive rats (IRIUCHIJIMA,1985) , the vasopressin antagonist (VPA), [1-(f-mercapto-fl,fi-cyclopentamethylene propionic acid), 2-(0-methyl)tyrosine]-arginine vasopressin (Manning compound) was injected intravenously at a dose of 0.01 mg • kg-1 for abolishment of the pressor effect of vasopressin secretion. According to HINOJOsA and HAYWOOD (1984) , 25 mg • kg-1 of C6 impeded the reflex tachycardia with 0.2 ~lg • kg -1 of acetylcholine and 0.01 mg . kg -1 of VPA abolished the elevation of arterial pressure with 15 mU • kg-1 of arginine vasopressin. Measurement of flow and pressure after C6 was routinely made immediately after completion of the continuous infusion and that after VPA 5 min after the bolus injection.
The percent decrease in peripheral resistance after administration of C6 + VPA 
RESULTS
Superior mesenteric flow One example of recording of arterial pressure and superior mesenteric flow in a conscious DOCA hypertensive rat is presented in Fig. 1 . After recording in the resting state of the rat for a few min C6 was infused for the underlined period for ganglion blockade. Arterial pressure decreased gradually during the infusion. However, since superior mesenteric flow also decreased almost in parallel with pressure, peripheral resistance (r in the figure) calculated as arterial pressure divided by flow remained almost unchanged (from 21.6 to 19.5 mmHg • min • 100 g • ml-1 as entered in the figure) after ganglion blockade. In DOCA hypertensive rats, the decrease in arterial pressure after C6 administration is partially compensated for by a secondary secretion of pressor amounts of vasopressin (IRIucHuIMA,1985) . In Fig.  1 , too, the partial recovery of arterial pressure towards the end of the infusion of C6 was ascribable to the pressor effect of vasopressin. For a correct evaluation of the effect of ganglion blockade, the effect of the secondary secretion of vasopressin should be eliminated. For this purpose, in Fig, 1 , 0.01 mg • kg-' of VPA was further injected intravenously as a bolus at the arrow. After this, arterial pressure decreased further, but superior mesenteric flow increased slightly. Five min after injection of VPA, superior mesenteric resistance decreased to 15.4 mmHg • min • 100 g-1.
The foregoing experiment was carried out in 8 DOCA hypertensive rats and the results are summarized in Fig. 2 (filled circles) . Administration of C6 + VPA decreased superior mesenteric resistance significantly (p <0.001), suggesting the presence of a substantial amount of vasoconstrictor tone in this area. The results of the same experiment in 6 UN control rats are presented in Fig. 2 with open circles. The decreases in arterial pressure and superior mesenteric flow after administration of C6 were both smaller than in DOCA hypertensive rats. Further administration of VPA did not change pressure and flow, suggesting that there was no vasoconstrictor tone in this area in UN rats.
Hindquarter flow
One example each of DOCA hypertensive rats and UN control rats in which the effect of ganglion blockade with C6 on hindquarter blood flow was observed is Vol. 37, No. 2, 1987 presented in Fig. 3 . The flow increased in DOCA hypertensive rat, while it decreased slightly in UN rat. This experiment was performed in 9 rats of each group. The result is presented in the 4th line of Tables 1 and 2 . Hindquarter blood flow increased significantly (p <0.005) in DOCA hypertensive rats, while it decreased slightly but significantly (p <0.025) in UN control rats. Injection of VPA did not appreciably affect hindquarter blood flow in both groups.
Renal flow
In both DOCA hypertensive rats and UN control rats, renal flow remained almost unchanged after ganglion blockade with C6 (Tables 1 and 2 ). The renal flow Japanese Journal of Physiology in UN rats at rest was about twice as large as the unilateral renal flow in normal rats with intact bilateral kidneys (IRIucHIJIMA and SAKATA,1985) . In other words, total renal flow was comparable in UN and normal rats. Renal flow in DOCA hypertensive rats was significantly greater (p <0.005) than that in UN rats.
Carotid flow
In both DOCA hypertensive rats and UN rats, caroid flow was similar to that in normal rats. This flow remained almost unchanged after administration of C6 and VPA (Tables 1 and 2 ). Figure 4A represents percent change of each peripheral resistance after administration of C6 (open bars) and C6 + VPA (hatched bars) in DOCA hypertensive rats; Fig. 4B is the counterpart for UN rats. In each region, the mean Vol. 37, No. 2, 1987 Table 2. Changes in regional blood flows and arterial pressure in uninephrectomized control rats on ganglion blockade (C6, 25 mg kg1) and following administration of vasopressin antagonist (VPA, 0.01 mg kg-1). decrease in peripheral resistance on C6 + VPA was greater in DOCA hypertensive rats than in UN rats.
Distribution of vasoconstrictor tone
Effect of VPA on arterial pressure and superior mesenteric flow in DOCA hypertensive rats Administration of VPA alone without preceding C6 had no appreciable effects Japanese Journal of Physiology on both arterial pressure and superior mesenteric flow in DOCA hypertensive rats (Table 3) .
DISCUSSION
Peripheral flows in DOCA hypertensive rats. Comparison of the values of peripheral flows in DOCA hypertensive rats in Table 1 with the corresponding values in normal rats reported in a previous study (IRIUCHIJIMA and SAKATA, 1985) revealed that the carotid and hindquarter flows were comparable and the mean superior mesenteric flow in DOCA hypertensive rats was about 70% greater than that in normal rats. The mean renal flow in DOCA hypertensive rats was about 40% greater than twice the mean flow in a unilateral kidney in normal rats. Considering the large proportion occupied by these two peripheral flows in cardiac output, we may safely estimate that cardiac output would be greater in DOCA hypertensive rats than in normal rats with intact bilateral kidneys.
In UN rats, the carotid and hindquarter flows were similar to the corresponding values in DOCA hypertensive and normal rats. The mean superior mesenteric flow in UN rats was even greater than that in DOCA hypertensive rats, although the difference was not significant. The mean renal flow in UN rats was approximately equal to twice the mean flow in a unilateral kidney in normal rats. Cardiac output in UN rats was estimated to be comparable to that in DOCA hypertensive rats but greater than that in normal rats with intact bilateral kidneys.
The absence of a difference in cardiac output between DOCA hypertensive rats and UN rats has been reported by YAMAMOTO et al. (1983) , who employed Fick's method. However, CHAROCOPOS et al. (1984) have observed that there is no difference in cardiac output between DOCA hypertensive rats and normal rats, using a microsphere method. The reason for the discrepancy between the latter finding and our present result is unknown. CHAROCOPOS et al. (1984) measured cardiac output in rats 4 weeks after the commencement of saline drinking, while we used rats 2-3 weeks after that. It is possible that the cardiac output in DOCA hypertensive rats tends to decrease with passage of time. In fact YAMAMOTO et al. (1983) observed that the cardiac output was smaller 8 weeks after the start of saline administration than 2-5 weeks after that.
The increase in peripheral flow was most marked in the superior mesenteric artery in both DOCA hypertensive rats and UN rats. The cause of this decrease in peripheral resistance or the short-circuit of blood flow, presumably leading to an increase in cardiac output, is unknown. An increase in cardiac output of about 20%, 48 h after uninephrectomy compared with sham operated rats under pentobarbital anesthesia has been reported by LOPEZ-NOVOA et al. (1982) , using a microsphere method.
One possible cause of the increase in cardiac output in DOCA hypertensive rats and UN rats could be an increase in circulatory blood volume. However, according to VILLAMIL et al. (1982) , extracellular volume, plasma volume, and blood volume were all greater only in rats in which arterial pressure did not elevate in the first 1-2 weeks of DOCA and salt administration or in those in which it elevated at last in the 4th-6th week. These variables were almost normal in rats in which arterial pressure had risen in the first 1-2 weeks. YATES and HILEY (1979) and CHARCOPOS et al. (1984) , both by the microsphere method, have observed a decrease in renal flow in DOCA hypertensive rats. The reason for this discrepancy from our results is unknown.
Sympathetic tone. In normal rats regional peripheral resistance decreased significantly after administering hexamethonium in the carotid and renal areas but not in the superior mesenteric area. The percent decrease in the estimate of hindquarter peripheral resistance (about 5%) was even smaller than the mean percent decrease in superior mesenteric peripheral resistance (about 10%). From these observations we have concluded that, in resting conscious normal rats, substantial sympathetic vasoconstrictor tone is present in the carotid and renal areas but not in the superior mesenteric and hindquarter areas (IRIUCHIJIMA and SAKATA, 1985) .
By and large, distribution of vasoconstrictor tone in UN rats was similar to that in normal rats (Fig. 4B) . However, the decrease in superior mesenteric resistance in DOCA hypertensive rats on administration of C6 + VPA was highly significant (p <0.001). The percent decrease in the estimate of hindquarter resistance (about 55%) was greater than the mean percent decrease in superior mesenteric resistance (30%) (Fig. 4A) . It may be concluded from these results that DOCA hypertensive rats, quite different from normal and UN rats, have a substantial vasoconstrictor tone in the superior mesenteric and hindquarter areas. The decrease in peripheral resistance in the carotid and renal areas on administration of C6 + VPA in DOCA hypertensive rats was significantly greater than the corresponding value in UN rats (p <0.01 for the carotid and 0.005 for the renal artery) and in normal rats with bilateral kidneys (IRIUCHIJIMA and SAKATA, 1985) (p <0.005 for the carotid and p <0.025 for the renal artery). It seems that elevated vasoconstrictor tone in resistance vessels in DOCA hypertensive rats is a general phenomenon over the whole body. Needless to say, for the carotid and renal areas where the difference was only quantitative, the observed result might well be ascribable to factors other than vasoconstrictor tone, such as vascular reactivity.
In Fig. 4A , it is noteworthy that C6 alone had almost no effect on superior mesenteric resistance and that this variable decreased first after successive injection of VPA. In the other three arteries the decrease in peripheral resistance was already marked after C6 alone. This may be interpreted that resistance vessels in the superior mesenteric area were specifically more sensitive to the released vasopressin than those in the other three areas. In SHR, on infusion of vasopressin, the percent increase in superior mesenteric resistance was several times greater than that in arterial pressure, suggesting a supersensitivity of this area to this hormone (IRIUCHIJIMA, 1986) .
The absence of secretion of vasopressin in pressor amounts in DOCA hypertensive rats without ganglion blockade with C6 was obvious because administration of VPA had no appreciable effect not only on arterial pressure but on superior mesenteric flow and resistance (Table 3) , which are considered to be especially sensitive to vasopressin. Although the injection of VPA without C6 was not performed in UN rats, it is almost certain that secretion of vasopressin in pressor amounts was not present in these rats either, because vasopressin did not seem to be secreted in pressor amounts even after C6 (Figs. 2 and 4B) . The important role played by elevation of sympathetic tone in DOCA hypertensive rats has been known from elevation of norepinephrine turnover GIACHETTI et al., 1979) , increase in tissue norepinephrine , increase in norepinephrine in blood (REID et al., 1975; NISHIMURA et al., 1979) , and the impossibility of inducing this kind of hypertension in immunologically sympathectomized rats (AYITEY-SMITH and VARMA, 1970) . The present study is consistent with these studies.
Cause of genesis of DOCA hypertensive rats. As stated above, cardiac output was estimated to have increased in DOCA hypertensive rats. However, since a similar increase in cardiac output appears to be present in UN rats also, the increase in cardiac output seems insufficient to induce this hypertension. Another characteristic in DOCA hypertension not observed in UN rats was elevation in sympathetic vasoconstrictor tone especially in the superior mesenteric and hindquarter areas. This was considered to be induced only by administration of DOCA and overintake of salt besides uninephrectomy.
